Recent studies indicate that activation of stress-activated protein kinases may be implicated in a broad range of biological activities including di¡erentiation. To directly examine whether stressactivated protein kinases are involved in neuronal di¡erentiation, we utilized retinoic acid-induced and spontaneous models of neurite outgrowth in dopaminergic neurons. Here, we show that retinoic acid-induced neurite outgrowth in MN9D dopaminergic neuronal cells was accompanied by activation of c-Jun N-terminal kinase but not p38. Consequently, cotreatment with a speci¢c inhibitor of c-Jun N-terminal kinase or overexpression of c-Jun N-terminal kinase-binding domain of c-Jun N-terminal kinaseinteracting protein-1 blocked retinoic acid-induced neurite outgrowth. In primary cultures of dopaminergic neurons, the extent of neurite outgrowth increased spontaneously in a time-dependent manner.When these cultures were treated with a speci¢c inhibitor of c-Jun N-terminal kinase, the total extent of neurites, the primary neurite length and the number of neurites per cell were suppressed signi¢cantly. Thus, our data indicate that the c-Jun N-terminal kinase signal seems to play an important role during morphological di¡erentiation in cultured dopaminergic neurons. NeuroReport16:823^828
INTRODUCTION
Evidence indicates that activation of stress-activated protein kinases, in addition to their well known cell deathregulating roles [1, 2] , are involved in a broad range of other biological activities including neuronal differentiation. More specifically, activation of c-Jun N-terminal kinase (JNK) and p38, either alone or in combination with other signals, is closely related with differentiation of various neuronal cell types including PC12 cells, SH-SY5Y cells and spiral ganglionic neurons [3] [4] [5] [6] [7] [8] [9] [10] . For example, activation of the JNK signaling pathway is involved in increasing the number of neurites and/or neuritic length in spiral ganglionic explants, differentiating cerebellar granule neurons, retinioic acid-treated SH-SY5Y and staurosporine-treated PC12 cells [3, [8] [9] [10] . It has been also demonstrated that concerted signaling of extracellular signal-regulated kinases (ERK1/2) and JNK is essential for nerve growth factor (NGF)-induced neurite outgrowth in PC12 cells [7] . Similarly, several studies have revealed a potential role for p38 in neurite outgrowth of PC12 cells treated with various factors, including NGF, epidermal growth factor (EGF) and bone morphogenic protein-2 (e.g. [4] [5] [6] ). Therefore, treatment with p38 inhibitor or transient expression of dominant negative forms of MEK3/6 prevents neurite outgrowth in PC12 cells [6] . Contradicting reports have demonstrated that inhibition of p38 signaling in conjunction with EGF induces neurite outgrowth in PC12 cells [11] . In any case, it has not been examined whether and how stress-activated protein kinases play a role in differentiation processes of dopaminergic neuronal cells.
Previously, we provided evidence that activation of p38 is intimately involved in neurite outgrowth of MN9D dopaminergic neuronal cells overexpressing calbindin-D28K [12] . In separate studies, we also demonstrated that a specific activation of JNK contributes to the process of Bcl-2-mediated neurite outgrowth in MN9D cells [13] . In the present study, we therefore specifically attempted to test whether activation of these stress-activated protein kinases may also be involved naturally in differentiation of dopaminergic neuronal cells. For this purpose, we utilized cultures of two types of dopaminergic neuronal cells undergoing differentiation: (1) RA-induced neurite outgrowth of MN9D cells and (2) spontaneously occurring neurite outgrowth in primary cultures of dopaminergic neurons derived from the ventral mesencephalon of 14.5-day gestation rat embryos. Our data show that activation of JNK is specifically involved in both RA-induced neurite outgrowth in MN9D cells and spontaneous neurite extension in primary cultures of dopaminergic neurons.
MATERIALS AND METHODS
Measurement of neurite outgrowth in MN9D dopaminergic neuronal cells: MN9D cells that synthesize, release and take up dopamine were established from embryonic mesencephalic dopaminergic neurons by a somatic fusion with N18TG neuroblastoma cells [14, 15] . MN9D cells were maintained in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS; Invitrogen, San Diego, California, USA) at 371C in 10% CO 2 [16] . MN9D cells were transfected with a eukaryotic expression vector containing the JNK-binding domain of JNK-interacting protein-1 cDNA using lipofectamine (Invitrogen) and selected in the presence of 500 mg/ml G-418 [12] . MN9D cells transfected with a eukaryotic expression vector itself were used as control cells. For experiments, MN9D cells or MN9D cells overexpressing the JNK-binding domain of JNK-interacting protein-1 were plated on P-100 plate (Corning, Corning, New York, USA) coated with 25 mg/ml poly-D-lysine at a density of 1 Â 10 6 and treated with 1 mM all-trans RA for 1-3 days in the presence or the absence of a specific inhibitor of JNK, SP600125 (5 mM; [17, 18] ; Calbiochem, La Jolla, California, USA). Control cells were treated with vehicle only (dimethylsulfoxide). Cells located within 5-10 randomly selected areas were photographed using an Axiovert phase-contrast microscope equipped with an Axiocam digital camera and Axiovision Image Analyzer (Carl Zeiss, Zena, Germany); the total extent of neurites on these cells was then measured [12, 13] . Briefly, the pattern of neurite outgrowth was determined on approximately 150-250 MN9D cells per separate culture. A neurite was defined as a process arising from the soma. Total neuritic extent was defined as the combined length of all neurites per cell. Cell clumps containing more than six cells were excluded from the morphometric analysis.
Measurement of neurite outgrowth in primary cultures of dopaminergic neurons: Primary cultures of dopaminergic neurons were prepared using the ventral mesencephalon of 14.5-day gestation Sprague-Dawley rat embryos (Daehan Biolink, Daejon, Korea), as described previously [19] . Briefly, tissues were triturated and the dissociated cells were plated at 1.0 Â10 5 cells on an 8-mm diameter Aclar embedding film (Electron Microscopy Sciences, Fort Washington, Pennsylvania, USA) precoated with 100 mg/ml poly-D-lysine and 4 mg/ml laminin. Cultures were then maintained at 371C in a humidified 5% CO 2 atmosphere in minimum essential medium supplemented with 10% FBS, 2 mM glutamine and 6.0 g/l glucose in the presence or the absence of 5-10 mM SP600125. Total neuritic extent, primary neurite length and the number of neurites per cell were measured among tyrosine hydroxylase (TH)-positive dopaminergic neurons from 10 randomly selected areas of 8-mm diameter Aclar embedding film, as described [12] . The primary neurite length was defined as the distance from the soma to the tip of the longest branch; total neuritic extent was defined as the combined lengths of all neurites; and the number of neurites per cell was identified as all processes longer than two cell diameters in length.
Immunoblot analysis and immunocytochemistry: Cells were lysed for 15 min in a buffer containing 62.5 mM TrisHCl, pH 6.8, 2% w/v sodium dodecyl sulfate, 10% glycerol, 50 mM dithiothreitol, 0.1% w/v bromophenol, 2 mM phenylmethylsulfonyl fluoride, 50 mg/ml aprotinin, 50 mg/ml leupeptin and 5 mM sodium vanadate, and triturated on ice with a syringe bearing a 26-gauge needle. Cellular lysates equivalent to 100 mg of protein were separated on 10% sodium dodecyl sulfate polyacrylamide gel and processed for immunoblot analysis using rabbit polyclonal antibodies recognizing the phosphorylated form of JNK or p38 (1:1000; Cell Signaling, Beverly, Massachusetts, USA). Specific bands were visualized by enhanced chemiluminescence (ECL; Amersham Biosciences, Piscataway, New Jersey, USA). For immunocytochemical localization of TH, primary cultures of dopaminergic neurons were fixed with 4% paraformaldehyde for 20 min at room temperature and blocked for 1 h in phosphate-buffered saline (PBS) containing 5% normal goat serum and 0.1% Triton X-100. Cultures were then incubated with a mouse monoclonal anti-TH (1:7500; Pel-Freez, Rogers, Arkansas, USA) in PBS containing 1% normal goat serum and 0.1% Triton X-100 followed by fluorescein isothiocynateconjugated goat anti-mouse IgG (1:200; Molecular Probes, Eugene, Oregon, USA).
Statistics: Data were means7SEM from the indicated number of experiments. Significance of difference between groups was determined by one-way ANOVA and post-hoc Student's t-test. Values of po0.05 were taken as being statistically significant.
RESULTS
Recent studies suggest that activation of stress-activated protein kinases may play a critical role during cellular differentiation. To directly examine whether activation of JNK and p38 is indeed involved in differentiation of dopaminergic neurons, we utilized RA-induced and spontaneous models of neurite outgrowth. First, we attempted to examine the activation profile of JNK and p38 following treatment of MN9D dopaminergic neuronal cells with 1 mM RA. At day 2, a slight increase in neurite extension was detected in RA-treated MN9D cells (Fig. 1a) . At day 3, a marked increase in neurite extension was observed; the total extent of neurites reached 85-100 mm in RA-treated MN9D cells (91.678.4 mm, po0.001; from three independent cultures). By contrast, the total extent of neurites in untreated control MN9D cells was less than 20 mm over the entire course of the incubation. We then focused on examining the activation profiles of stress-activated protein kinases in RAinduced outgrowth of neurites in MN9D cells. As demonstrated in Fig. 1b , a significant increase in two phosphorylated forms of JNK (phospho-p54 and phospho-p46) was first detected at day 2 in RA-treated MN9D cells. At day 3, levels of these phosphorylated forms of JNK increased up to 3.1-fold over the untreated control MN9D cells (3.170.6, po0.001; n¼3). The phosphorylated form of p38 was virtually absent in both control and RA-treated MN9D cells.
Because the levels of the phosphorylated form of JNK correlated well with the extent of neurite outgrowth in RAtreated MN9D cells, we then tested whether specific inhibition of the JNK signaling pathway would prevent the RA-induced extension of neurites. For this purpose, we utilized a specific JNK inhibitor, SP600125, which is known to compete with an ATP-binding site on JNK1, JNK2 and JNK3 [17, 18] . In our previous study, we demonstrated that 5 mM SP600125 specifically prevents appearance of phosphorylated forms of JNK, but not ERK, and p38 MAPK in MN9D cells [13] . Therefore, MN9D cells were then treated with 1 mM RA in the presence or the absence of 5 mM SP600125 for 3 days and were subjected to measurement of the total extent of their neurites. A reduction in RA-induced neurite outgrowth to the order of approximately 60% was detected in the presence of SP600125 (Fig. 2a and b) . As determined by morphological criteria, MN9D cells treated with SP600125 alone did not exert any discernible cytotoxic effect (not shown). Similarly, RA-induced extension of neurites was also significantly reduced in MN9D cells overexpressing the JNK-binding domain of JNK-interacting protein-1 (a scaffold protein and inhibitor of JNK [20] ; Fig. 3 ). As expected from the data shown in Fig. 1b , cotreatment with a p38 inhibitor (PD169316, up to 20 mM) did not affect RA-induced neurite outgrowth in MN9D cells (not shown). These data suggest that the JNK signaling pathway seems to play an important role in the process of RA-mediated extension of neurites in MN9D cells.
To further examine whether the JNK signaling pathway is involved in the process of spontaneously occurring neuronal differentiation, we utilized primary cultures of dopaminergic neurons derived from the ventral mesencephalon of rat embryos. In these cultures, spontaneous neurite outgrowth increased in a time-dependent manner and was apparent at days in-vitro (DIV) 2 or 3. At day 3, the primary neuritic length and the total neuritic extent reached approximately 85.6711.5 mm and 121.873.3 mm, respectively (n¼3; Fig. 4a and b) . At this stage, dopaminergic neurons extended approximately two neurites from the soma (1.8970.30; n¼3). When these cultures were treated with 5 and 10 mM SP600125 for 3 days, a significant reduction was apparent in all three parameters (Fig. 4a  and b) . No significant difference was found between the cells treated with 5 mM when compared with the cells treated with 10 mM SP600125. Treatment of cultures with an inhibitor of p38 (up to 10 mM PD169316; n¼3) or of ERK (up to 10 mM PD98059, MEK1 and MEK2 inhibitor; n¼3) did not affect the length of spontaneous neurite outgrowth (not shown). Although more careful studies remain to be done, our results indicate that activation of JNK is specifically involved in spontaneous neurite outgrowth even in primary cultures of dopaminergic neurons. Total extent of neurites was measured as described [12, 13] . Each bar represents the mean7SEM from three independent experiments. Signi¢cance of the di¡erence was determined by one-way ANOVA and post-hoc student's t-test (*po0.001). 
DISCUSSION
Activation of JNK signaling has been demonstrated during neuronal differentiation and extension of neurites in several cell lines (e.g. [7] [8] [9] [10] ) and in spiral ganglion explants from postnatal rats [3] . More direct evidence of JNK signaling during neuritogenesis has been demonstrated in JNK/ stress-activated protein kinase-associated protein 1-null mouse embryonic stem cells [21] . In these null embryonic Bcl-2-induced neurite outgrowth in MN9D cells is mediated by activation of JNK signaling [13] , it has not been demonstrated whether the JNK signaling pathway is intimately associated with neurite outgrowth in naturally occurring differentiation models of dopaminergic neurons. In the present study, we provide the first evidence suggesting that activation of the JNK signaling pathway may also play a critical role during the naturally occurring process of morphological differentiation in dopaminergic neuronal cells. This notion is supported from two different experimental paradigms utilized in this study: (1) RAinduced neurite outgrowth of MN9D dopaminergic neuronal cells and (2) spontaneously occurring neurite outgrowth in primary cultures of DA neurons. Although we have demonstrated that Bcl-2-mediated neurite outgrowth is achieved via JNK signal in MN9D cells [13] , expression levels of Bcl-2 are not altered following RA treatment (Choi et al., unpublished data), indicating that JNK may be activated by multiple pathways during neuritogenesis in dopaminergic neurons.
In the present study, a significant activation of the JNK signal in RA-treated MN9D cells was detected first at day 2 and continued to increase up to day 3. By contrast, treatment of SH-SY5Y cells with RA induces a strong activation of JNK1 within 10 min, and the increase of JNK1 activity returns to the basal level in an hour [9] . The second surge of JNK1 activity is observed around day 1 after RA treatment in these cells. Because neuritogenesis can be divided into such stages as neurite initiation, rapid neurite elongation, thickening of neurites and increase in soma sizes, it may be that onset and duration of JNK activity is cell-type specifically controlled and is thereby involved in a certain stage of differentiation. Furthermore, Coffey et al. [10] have proposed that the extent, and nuclear and cytoplasmic localization of JNK activity may subserve different functions during differentiation. Therefore, it seems plausible to assume that such distinct patterns as onset, duration, amplitude and cellular location of JNK activity may play a critical role during the specific stage of neuritogenesis in various cell types.
Previous reports have demonstrated the apparent roles of ERK (e.g. [22] ) and p38 (e.g. [4, 5] ) in neuritogenesis of various cell types. Our preliminary observations from primary cultures of dopaminergic neurons suggest that neither the ERK nor p38 signaling pathways seem to be involved in spontaneous neurite outgrowth. Furthermore, recent studies have demonstrated that signaling through ERK, but not p38 or JNK, is responsible for spontaneous neurite initiation and extension in PC12-N1 cells, whereas JNK signal is essential in the late stage of neuritogenesis [23] . Although the mechanisms behind this discrepancy among the different neuronal systems are not clearly understood at present, this seems to imply multifunctional roles of MAPK including JNK, p38 and ERK in various types of neurons. Certainly, further studies are required to determine (1) whether activation of subtypes of JNK (JNK1, JNK2 and JNK3) is selectively involved in a certain stage of neuritogenesis of dopaminergic neuronal cells; (2) what other signaling pathway, if any, is required to accomplish differentiation in concert with JNK activation and (3) whether and how activation of JNK is involved in maintaining cytoskeletal integrity and microtubule assembly [24] . Answers to these questions and many other critical issues may enlighten our understanding of the potential roles for stress-activated protein kinases, including JNK, in neuronal differentiation.
CONCLUSION
The results of our study suggest that the JNK signal plays an important role during RA-induced differentiation of MN9D dopaminergic neuronal cells and spontaneously occurring neurite outgrowth in primary cultures of dopaminergic neurons.
